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Abstract
The incorporation of transplanted cells into the host retina is one of the prerequisites for successful cell replacement therapy to
treat retinal degeneration. To test the hypothesis that injury promotes cell incorporation, stem cells/progenitors were isolated from
the retina, ciliary epithelium or limbal epithelium and transplanted into the eyes of rats with retinal injury. Diﬀerent stem cell/
progenitor populations incorporated into traumatized or diseased retina but not into the normal retina. The proportion of cells
incorporated into the inner retina was consistently higher than in the outer retina. The transplanted cells expressed markers speciﬁc
to cells of the lamina into which they were incorporated suggesting that cues for speciﬁc diﬀerentiation are localized within the inner
and outer retina. These ﬁndings demonstrate that injury-induced cues play a signiﬁcant role in promoting the incorporation of
ocular stem cells/progenitors regardless of their origin or their diﬀerentiation along speciﬁc retinal sublineage.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Cell-replacement therapy may be a practical ap-
proach for treating functional impairments caused by
the death of speciﬁc neural cell populations (Gage, 2000;
Ahmad, 2001). Neuronal degeneration is the cause of
debilitating visual impairment associated with prevalent
ocular diseases such as retinitis pigmentosa, age-related
macular degeneration, retinal detachment and glau-
coma. Transplantation of cultured neural stem cells/
progenitors may help restore vision by repopulating the
damaged retina and replacing the degenerating retinal
neurons and/or by rescuing retinal neurons from further
degeneration.
The ﬁrst evidence that cell replacement therapy could
be possible in the retina emerged with the observations
that adult hippocampal stem cells/progenitors, trans-
planted into the vitreous of neonatal or adult eyes,
survived and incorporated into the laminar structure of
the host retina (Takahashi, Palmer, Takahashi, & Gage,
1998; Young, Ray, Whiteley, Klassen, & Gage, 2000). A
more recent study has suggested that the incorporated
adult hippocampal stem cells/progenitors may establish
synaptic contact with the hosts retinal cells (Nishida
et al., 2000). However, in each of these studies, despite
their incorporation within the hosts retina and their
morphological similarities to various retinal cell types,
the transplanted cells failed to express any retina-speciﬁc
markers. To address this barrier to cell replacement
therapy, stem cells/progenitors isolated from embryonic
retina, that possess the potential to diﬀerentiate into
retinal neurons, were used as transplantation reagents.
When transplanted into the subretinal space of normal
rats, these cells survived and expressed photoreceptor-
speciﬁc markers suggesting their diﬀerentiation into cells
of photoreceptor lineage (Chacko, Rogers, Turner, &
Ahmad, 2000; Ahmad, 2001). However, this approach
also has its limitations. Although the grafted cells ex-
pressed photoreceptor-speciﬁc markers, their incorpo-
ration into the hosts retina was to a lesser extent than
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what was observed with the hippocampal stem cells/
progenitors. Therefore, conditions must be deﬁned that
promote both the structural and functional integration
of retinal stem cells/progenitors within the retinal cir-
cuitry. One of the likely cues that may induce the
transplanted cells to migrate and integrate into host
tissue is retinal injury. For example, the widespread
migration and incorporation of adult hippocampal
neural stem cells/progenitors was observed only in the
adult retina that was either diseased (Young et al., 2000)
or traumatized (Nishida et al., 2000). To understand the
role injury plays in the incorporation of grafts, we have
transplanted ocular stem cells/progenitors into injured
retina and compared their diﬀerentiation and incorpo-
ration into the laminar structure of the host retina.
Subsets of diﬀerent stem cell/progenitor populations
showed incorporation in traumatized or diseased retina
but not into the normal retina. The proportion of cells
incorporated into the inner retina was consistently
higher than into the outer retina. The transplanted cells
expressed markers speciﬁc to cells of the lamina in which
they were incorporated suggesting that the cues that
regulate lamina-speciﬁc diﬀerentiation are localized
within the inner and outer retina. These ﬁndings also
demonstrate that injury-induced cues play a signiﬁcant
role in promoting the incorporation of ocular stem cells/
progenitors regardless of their origin or their diﬀerenti-
ation along speciﬁc retinal sublineage. Therefore, trau-
matized or diseased retina may support cell replacement
by providing a local milieu conducive for the incorpo-
ration and diﬀerentiation of exogenous ocular stem cells/
progenitors.
2. Methods
2.1. Isolation and culture of ocular stem cells/progenitors
Animals were handled in accordance with ARVO
statement for the Use of Animal in Ophthalmic and
Vision Research. Stem cells/progenitors were isolated
from post-natal day 1 (PN1) retina and adult ciliary
and limbal epithelium as previously described (Ahmad,
Acharya, Rogers, & Aﬁat, 1999a; Ahmad, Dooley,
Thoreson, Rogers, & Aﬁat, 1999b; Ahmad, 2001; Zhao
et al., 2002a). Brieﬂy, animals were sacriﬁced by CO2
asphyxiation and eyes were enucleated in HBSS. GFP
transgenic mice (Okabe, Ikawa, Kominami, Nakanishi,
& Nishimune, 1997) were used to obtain PN1 retina and
adult limbal epithelium while Sprague Dawley rats were
used to obtain adult ciliary epithelium. Retina were
carefully removed from the PN1 eyes and incubated in
HBSS (Ca2þ and Mg2þ free) containing 0.05% trypsin,
1 mM EDTA and 20 mg/ml DNase1 at 37 C for 10
min. Trypsin was neutralized by washing the tissue in
DMEM:F12 containing 10% FBS. Cells were dissoci-
ated by trituration (50 times) in the culture medium and
plated at a density of 105 cells/cm2 in DMEM:F12 me-
dium containing 1X N2 supplement (Gibco), 10 ng/ml
of FGF2 (Collaborative Research), 20 ng/ml of EGF
(Collaborative Research), 100 U/ml of penicillin and 100
mg/ml of streptomycin (Sigma) at 37 C in 95% hu-
midity and 5% CO2 for 7 days. To obtain limbal epi-
thelial tissues, corneas were removed by a circular
incision below the limbus. The limbal region was dis-
sected away from the peripheral cornea and cut into
small pieces before incubation, ﬁrst in 0.05% trypsin
(Sigma) and then in 78 U/ml of collagenase (Sigma) and
38 U/ml of hyaluronidase (Sigma) at 37 C for 27 and 30
min, respectively. Ciliary epithelium was obtained from
the eyes of adult Sprague Dawley rats. Following the
removal of cornea, a circular strip of tissue was obtained
by cutting at the anterior edge of the pars plana. The
ciliary epithelium corresponding to pigmented portion
was separated from the non-pigmented ciliary epithe-
lium and treated with collagenase (78 U/ml) and hy-
aluronidase (38 U/ml) for 35 min at 37 C followed by
incubation in 0.05% trypsin, 1 mM EDTA and 20 mg/ml
DNase1 at 37 C for 20 min. The enzyme-treated tissues
were triturated to obtain cell dissociates that were cul-
tured as described above in the presence of mitogens
to obtain neurospheres. Neurospheres obtained from
ciliary epithelium were infected with recombinant ret-
rovirus (pFB-hrGFP) expressing GFP (Clontech) as
previously described (Ahmad et al., 1999a) except that
DEAE-Dextran was used in the place of polybrene.
Neurospheres were dissociated by incubation in trypsin
and suspended at a density of 50,000 cells/ll in HBSS
before transplantation.
2.2. Transplantation of ocular stem cells/progenitors
Ten days old rats (n ¼ 12/diﬀerent ocular progenitor
population) were obtained from Sasco. The animals were
anesthetized with 1:1 dilution of ketamine (100 mg/ml)
and xylazine (20 ng/ml), injected intraperitoneally. A 30-
gauge needle was inserted into the eye near the equator
and retina was scratched across the point of entry. The
needle was retracted and a glass micropipette connected
to 10 ll Hamilton syringe was inserted through the
wound to deliver 50,000–100,000 cells in 1–2 ll volume.
Rats containing mouse ocular stem cells were injected
5mg/kg/day of cyclosporine (Novartis). Animals were
sacriﬁced at 1 (n ¼ 4), 2 (n ¼ 4) and 3 (n ¼ 4) weeks
following transplantation. As a model of genetic injury
to retina, 10 days old heterozygous transgenic rats con-
taining proline-23 to histidine (Pro23His) RHO muta-
tion [line TgN(P23H)3] (Lewin et al., 1998; Steinberg
et al., 1996) were transplanted with retinal stem cells/
progenitors and were sacriﬁced one/two weeks later (n ¼
3). TgN (P23H) rats were produced by Chrysalis DNX
Transgenic Sciences, Princeton, NJ and developed in the
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laboratory of Dr. MathewM. Lavail who gifted a pair to
us. Transplantation was carried out in PN10 transgenic
rats, before any appreciable sign of photoreceptor de-
generation. Photoreceptor degeneration, as evident by a
decrease in the rows of nuclei in the outer nuclear layer,
can be observed by the third post-natal week.
2.3. Immunostaining and ﬂuorescence microscopy
The proliferative nature and progenitor properties of
cultured cells were determined as previously described
(Ahmad et al., 1999b; Ahmad, Tang, & Pham, 2000).
Brieﬂy, BrdU-exposed spheres of cells were plated on
poly-D-lysine coated glass coverslips, ﬁxed in ice-cold
4% paraformaldehyde and incubated in antibodies
against BrdU (Sigma) and cell type-speciﬁc proteins (see
the table below) overnight at 4 C. Cells were examined
with epiﬂuorescence following incubation in CY3-/
FITC-conjugated secondary antibodies and an extensive
wash. For the analyses of transplants, eyes were enu-
cleated, ﬁxed in 4% paraformaldehyde overnight at 4 C
followed by cryo-protection in 30% sucrose. Eyes were
frozen in OCT and 10–12 lm sections were obtained
from an entire eye. Each section was screened with
epiﬂuorescence to identify GFP-expressing cells. Sec-
tions that did not contain incorporated GFP-positive
cells were excluded after examining for the integrity of
structure of the host retina. Those that contained GFP-
positive cells (on an average 50 sections/eye/sacriﬁcial
time) were screened for the total number of incorporated
GFP-positive cells and proportions of these cells incor-
porated in the outer and inner retina were determined.
Given the low frequency of incorporation, data from
animals/sacriﬁcial time/speciﬁc ocular stem cells were
pooled and subjected to t-test analysis.
3. Results
To date, stem cells have been isolated and charac-
terized from three diﬀerent regions of the eye; the em-
bryonic retina (Ahmad et al., 1999a) the adult
pigmented ciliary epithelium (Ahmad, 2001; Tropepe
et al., 2001) and corneal limbal epithelium (Cotsarelis,
Cheng, Dong, Sun, & Lavker, 1989; Pellegrini et al.,
1999; Zhao et al., 2002a). For a comparative analysis of
their ability to incorporate in the laminar structure of
the retina in response to injury, these cells were har-
vested from the respective tissues and expanded in the
presence of EGF and/or FGF2. As observed previously,
these cells proliferate in the presence of mitogens and
give rise to clonal spheres that ﬂatten and spread out
once plated on poly-D-lysine coated glass coverslips for
immunoﬂuorescence analysis (Fig. 1). Cells in clones
incorporated the nucleotide analogue, BrdU, suggesting
that they are proliferating. In addition to expressing
nestin, a neuroectodermal stem cell marker, these cells
also expressed b-tubulin and GFAP, suggesting that
they possess the ability to gives rise to neurons and glia
(Fig. 1). The limbal epithelium is non-neural. However,
in the presence of mitogens, a subset of limbal epithelial
progenitors expresses nestin and gives rise to neurons
and glia (Zhao et al., 2002a). Retinal and limbal epi-
thelium stem cells/progenitors were derived from PN1
and adult GFP-transgenic mice, respectively, for post-
transplantation detection. Ciliary epithelial stem cells/
progenitors were isolated from adult Sprague Dawley
rats instead of GFP-transgenic mice for the following
reasons. First, given the low frequency of these cells in
ciliary epithelium a large number of animals was re-
quired for harvesting adequate quantity of stem cells/
progenitors for transplantation purpose. This was not
possible with only a few breeding pairs of transgenic
mice. Second, since not all cells in a given tissue express
GFP, there was a likelihood of a gross underestimation
of stem cells/progenitors whose frequency was low to
begin with. Since it has been shown previously that the
survival of embryonic mouse retinal grafts in rat hosts
required immunosuppression (Aramant & Turner, 1988)
the transplantation of mouse PN1 retinal and adult
limbal epithelial stem cells/progenitors in rat eyes was
carried out with continuous Cyclosporin A treatment.
As observed in previous studies (Aramant & Turner,
1988; DiLoreto, del Cerro, & del Cerro, 1996; Little
et al., 1996) the presence of grafted cells three weeks
after transplantation suggested that rejection of graft
did not occur. In addition, clinical signs of rejection such
as swelling, redness and exudates were absent and
structure of host retina was normal.
The majority of retinal stem cells/progenitors trans-
planted in uninjured eyes remained in the vitreous cavity
in close association with the retina (Fig. 2). Grafted cells
were not observed within the laminar structure of the
Antibodies Cell type Dilution References
Anit-b-
tubulin
Neurons 1:2000 Lee, Tuttle,
Rebhun,
Cleveland,
and Frank-
furter (1990)
Anti-GFAP Astrocytes 1:100 Debus,
Weber, and
Osborn
(1983)
Anti-Syn-
taxin 1
Amacrine
cells
1:500 Barnstable
(1987)
Anti-Rho-
dopsin
Rod photo-
receptors
1:5000 Barnstable
(1987)
Anti-PKCa Bipolar
cells
1:1000 Negishi,
Kato, and
Teranishi
(1988)
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retina. However, when transplanted into mechanically
injured eyes (Figs. 3 and 4) or into those containing a
genetic mutation (Figs. 5 and 6), these cells were ob-
served in diﬀerent layers of the retina. The distribution
of transplanted cells within the retinal layers was dif-
ferent. For example, the proportion of transplanted cells
that migrated into the inner retina (RGC layer + inner
plexiform layer + inner nuclear cell layer) was consis-
tently higher than those that incorporated into the outer
retina (outer plexiform layer + outer nuclear layer), both
in the mechanical (Fig. 3E) and genetic (Fig. 5E) injury
models. A temporal pattern in the incorporation of
transplanted cells was observed. For example, the in-
corporation into the outer retina was greater by the end
of the third week compared to the ﬁrst two weeks post-
transplantation (Fig. 5E).
The morphological analysis of incorporated GFP-
positive cells was carried out at the light microscopic
level to examine the state and extent of their diﬀerenti-
ation. Cells incorporated into the outer or inner retina
did not display morphological features that are charac-
teristic of outer or inner retinal neurons. For example,
none of the GFP-positive cells in the outer retina
Fig. 1. Characterization of ocular stem cells/progenitors: Cell dissociates from retina, ciliary epithelium and limbal epithelium were cultured in the
presence of mitogens and BrdU to obtain clonal neurospheres. Neurospheres, when plated on poly-D-lysine coated glass coverslip for immuno-
ﬂuorescence analysis, ﬂattened and spread out. Cells in clones were proliferative (B, H and N) and expressed neuroectodermal marker nestin (D, J
and P) in the presence of mitogens. In diﬀerentiation conditions, cells in neurospheres expressed either neuronal marker, b-tubulin (E, K and Q) or
glial marker, GFAP (F, L and R). A, G and M are Nomarski images. X200.
Fig. 2. Transplantation of retinal stem cells/progenitors in the eye with
uninjured retina: Cultured retinal stem cells/progenitors were trans-
planted intravitreally into the eyes of PN10 rats. Epiﬂuorescence re-
vealed that the grafted cells (arrows) remained in the vitreous cavity
and did not migrate and incorporate in uninjured host retina (B).
ONL¼outer nuclear layer; INL¼ inner nuclear layer; GCL¼ gang-
lion cell layer. A is a Nomarski image. X200.
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displayed the morphological features of photoreceptors
that includes the formation of the outer segments. Given
the possibility that molecular properties precede mor-
phological features, we examined whether grafted cells
expressed retinal cell type-speciﬁc markers. GFP-posi-
tive cells, incorporated into the outer retina, expressed
rhodopsin, suggesting their potential to diﬀerentiate as
rod photoreceptors (Figs. 4A–D and 6A–D). Trans-
planted cells with rhodopsin immunoreactivity were not
detected in the inner retina (data not shown). A small
proportion of GFP-positive cells, incorporated in the
inner retina, expressed either syntaxin (Figs. 4E–H and
6E–H) or PKCa (Figs. 4I–L and 6I–L) suggesting that
these cells may possess the ability to diﬀerentiate as
amacrine and bipolar cells, respectively.
To compare the incorporation and diﬀerentiation
potential of retinal stem cells/progenitors with other
ocular stem cells/progenitors in response to injury, cul-
tured ciliary and limbal epithelial stem cells/progenitors
were transplanted into rat eyes. As observed for the
retinal stem cells/progenitors, the majority of trans-
planted ciliary and limbal epithelial stem cells/progeni-
tors were found unincorporated in uninjured retina
(data not shown). In the eyes with mechanical injury to
retina, a proportion of the transplanted cells was ob-
served within diﬀerent retinal layers. The overall laminar
distribution of both ciliary epithelial (Figs. 7 and 8) and
limbal epithelial (Figs. 9 and 10) stem cells/progenitors
in the host retina was similar to that observed for the
retinal stem cells/progenitors (i.e., more cells were in-
corporated in the inner retina than in the outer retina).
However, a temporal delay in incorporation of limbal
epithelial stem cells/progenitors in the host retina was
observed. While incorporation of ciliary epithelial stem
cells/progenitors was observed during the ﬁrst week
post-transplantation, incorporation of limbal epithelial
stem cells/progenitors was not detected until the third
week following engraftment.
Immunohistochemical analyses carried out to analyze
the fate of the transplanted cells revealed that ciliary
epithelial stem cells/progenitors incorporated into the
outer retina expressed rhodopsin suggesting that, similar
to retinal stem cells/progenitors, they may possess the
potential to diﬀerentiate as photoreceptors (Fig. 8A–D).
Fig. 3. Incorporation of retinal stem cells/progenitors in mechanically injured retina: Cultured retinal stem cells/progenitors were transplanted in-
travitreally into the eyes of PN10 rats with mechanical injury to retina. Epiﬂuorescence (B and D) revealed that the grafted cells migrated and
incorporated in host retina. The proportion of cells incorporated in the inner retina (INL+GCL) was greater than those incorporated in the outer
retina (ONL) (E). ONL¼outer nuclear layer; INL¼ inner nuclear layer; GCL¼ ganglion cell layer. A and C are Nomarski images. X200.
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Similar to transplanted retinal stem cells, a small pro-
portion of ciliary epithelial (Fig. 8) and limbal epithelial
(Fig. 10) stem cells/progenitors incorporated in the inner
retina expressed either syntaxin (Figs. 8E–H and 10E–
H) or PKCa (Figs. 8I–L and 10I–L), suggesting that
these cells may possess the ability to diﬀerentiate as
amacrine and bipolar cells, respectively. As observed for
transplanted retinal stem cells/progenitors, morpholog-
ical features that deﬁne rod photoreceptors, amacrine
cells and bipolar cells were not observed in grafted cili-
ary epithelial or limbal epithelial stem cells/progenitors.
4. Discussion
The identiﬁcation and in vitro characterization of
neural stem cells/progenitors have made the concept of
cell replacement therapy feasible. There are several ad-
vantages of using cultured neural stem cells/progenitors
for therapeutic transplantation. First, these cells can
diﬀerentiate into site-speciﬁc neurons upon transplan-
tation (Suhonen, Peterson, Ray, & Gage, 1996). Second,
they can be manipulated in vitro to ensure their diﬀer-
entiation into speciﬁc neurons (Brustle et al., 1999;
Zhao, Liu, & Ahmad, 2002b) and third, neural stem
cells/progenitors can be genetically modiﬁed to deliver
growth factors and cytokines to damaged areas (Flax
et al., 1998; Martinez-Serrano & Bjorklund, 1997).
These properties of neural stem cells/progenitors may be
useful for brain repair as evident from transplantation
studies performed in animal models of neurodegenera-
tion. Transplanted neural stem cells/progenitors have
been shown to replace dysfunctional oligodendrocytes
(Brustle et al., 1999; Yandava, Billinghurst, & Snyder,
1999) and dopaminergic neurons (Studer, Tabar, &
McKay, 1998) in animal models of myelin deﬁciency
and Parkinsons disease, respectively.
Fig. 4. Diﬀerentiation of retinal stem cells/progenitors in mechanically
injured retina: Transplanted retinal stem cells/progenitors, incorpo-
rated in the inner and outer retina, were analyzed immunohisto-
chemically to ascertain their diﬀerentiation status. Cells in the outer
retina (ONL) expressed photoreceptor-speciﬁc marker, opsin (A–D).
Cells in the inner retina (INL+ IPL) expressed either amacrine cell
marker or syntaxin (E–H) or bipolar cell marker, PKC (I–L).
ONL¼outer nuclear layer; INL¼ inner nuclear layer; IPL¼ inner
plexiform layer. A, E and I are Nomarski images. X200.
Fig. 5. Incorporation of retinal stem cells/progenitors in the retina of
transgenic rat containing mutant (P23H) rhodopsin: Cultured retinal
stem cells/progenitors were transplanted intravitreally in the eyes of
PN10 transgenic rats with P23H mutation in the opsin gene. Epiﬂuo-
rescence revealed that the grafted cells migrated and incorporated in
host retina (B and D). The proportion of cells incorporated in the inner
retina was greater than those incorporated in the outer retina (E).
More cells were observed in the outer retina at the end of the second
week than at the end of the ﬁrst week of transplantation. ONL¼outer
nuclear layer; INL¼ inner nuclear layer; GCL¼ ganglion cell layer. A
and C are Nomarski images. X200.
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It is likely that a similar approach of cell replacement
may work to treat vision loss due to degeneration of
photoreceptors, provided the following two conditions
are met. First, the transplanted neural stem cells/pro-
genitors must diﬀerentiate into photoreceptors and sec-
ond, the new photoreceptors must establish functional
contacts with second order neurons. To investigate the
feasibility of this approach, neural stem cells/progenitors
isolated from embryonic retina were transplanted into
the subretinal space of two-week old uninjured normal
rats. The grafted cells survived and some of them were
observed to express rhodopsin suggesting that these cells
have the potential to diﬀerentiate into photoreceptors in
host eye (Chacko et al., 2000). However, the grafted cells
failed to fulﬁll the second criterion of a successful
transplantation (i.e., integration within the host tissue).
The grafted cells did not show migration and incorpo-
ration into the laminar structure of the host retina
(Chacko et al., 2000). The lack of incorporation within
the host tissue was likely due to the absence of cues that
promote incorporation of grafted cells. This notion is
supported by observations that injury promotes the
homing of transplanted cells to the site of injury, where
they diﬀerentiated to replace degenerating cells (Brustle
et al., 1999; Yandava et al., 1999). More recently, it has
been demonstrated that endogenous stem cells/progeni-
tors can also respond to injury by migrating to the site
of injured neurons and replacing damaged cells (Mag-
avi, Leavitt, & Macklis, 2000). In the context of the eye,
it has been reported that incorporation of transplanted
hippocampal stem cells/progenitors in the host retina is
promoted by trauma or disease of the retina (Nishida
et al., 2000; Young et al., 2000).
Our study demonstrates that as with other stem cells/
progenitors, those obtained from ocular tissues also
respond to injury and incorporate into the laminar
structure of the host retina. That all three diﬀerent
Fig. 6. Diﬀerentiation of retinal stem cells/progenitors in the retina
of transgenic rat containing mutant (P23H) rhodopsin: Transplanted
retinal stem cells/progenitors, incorporated in the inner and outer
retina, were analyzed immunohistochemically to ascertain their dif-
ferentiation status. Cells in the outer retina (ONL) expressed photo-
receptor-speciﬁc marker, opsin (A–D). Cells in the inner retina
(INL+ IPL) expressed either amacrine cell marker, syntaxin (E–H) or
bipolar cell marker, PKC (I–L). ONL¼outer nuclear layer; INL¼
inner nuclear layer; IPL¼ inner plexiform layer. A, E and I are
Nomarski images. X200.
Fig. 7. Incorporation of ciliary epithelial stem cells/progenitors in me-
chanically injured retina. Cultured ciliary epithelial stem cells/progeni-
tors were transplanted intravitreally into the eyes of PN10 rats with
mechanical retinal injury. Epiﬂuorescence (B, D) revealed that the
grafted cells migrated and incorporated in host retina. The proportion
of cells incorporated in the inner retina was greater than those incor-
porated in the outer retina (E). ONL¼ outer nuclear layer; INL¼ in-
ner nuclear layer; GCL¼ ganglion cell layer. A and C are Nomarski
images. X200.
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ocular stem cells/progenitors show similar laminar in-
corporation into injured retina suggests that the injury-
induced cues are not speciﬁc to a particular stem cell
population. It is likely that stem cells, in general, re-
spond to injury-mediated cues to home into the target
and/or incorporate within the damaged tissue. The
delay observed in the incorporation of limbal epithelial
stem cells/progenitors as compared to retinal and cili-
ary epithelial stem cells/progenitors might have to do
with their immature neural properties, given the fact
that they are of non-neural origin (Zhao et al., 2002a).
The nature of injury-mediated cue(s) that promotes
migration and incorporation of transplanted cells re-
mains unknown. It is likely that, cells in the vicinity of
degenerating cells react to injury by elaborating fac-
tor(s) that serves as a chemo-attractant for exogenous
or endogenous stem cells/progenitors (Brustle et al.,
1999; Magavi et al., 2000; Yandava et al., 1999). In the
retina, M€uller glia appear to be an excellent candidate
for such cells that will respond to injury and, therefore,
play a possible role in incorporation of transplanted
cells in the host retina. M€uller cells are known to react
to perturbation in retinal structure and integrity by up-
regulating expression of growth factors and cytokines
(Cao, Wen, Li, Lavail, & Steinberg, 1997; Tomita,
Ishiguro, Abe, & Tamai, 1998; Wen et al., 1995). A
generic response of M€uller cells to any kind of injury
may explain the similar nature of the incorporation of
diﬀerent ocular stem cells observed in response to either
mechanical or genetic injury.
In addition to demonstrating the incorporation of
transplanted cells in response to injury, our study reveals
that incorporation into a particular retinal layer may be
essential for their diﬀerentiation into speciﬁc cell types.
This premise is supported by our observation that the
majority of transplanted cells expressed markers speciﬁc
to cell types of a particular layer in which they were
Fig. 8. Diﬀerentiation of ciliary epithelial stem cells/progenitors in me-
chanically injured retina: Transplanted ciliary epithelial stem cells/
progenitors, incorporated in the inner and outer retina, were analyzed
immunohistochemically to ascertain their diﬀerentiation status. Cells
in the outer retina (ONL) expressed photoreceptor-speciﬁc marker,
opsin (A–D). Cells in the inner retina (INL+ IPL) expressed either
amacrine cell marker, syntaxin (E–H) or bipolar cell marker, PKC (I–
L). ONL¼outer nuclear layer; INL¼ inner nuclear layer; IPL¼ inner
plexiform layer. A, E and I are Nomarski images. X200.
Fig. 9. Incorporation of limbal epithelial stem cells/progenitors in me-
chanically injured retina: Cultured limbal epithelial stem cells/progen-
itors were transplanted intravitreally into the eyes of PN10 rats with
mechanical retinal injury. Epiﬂuorescence (B, D) revealed that the
grafted cells migrated and incorporated in host retina. The proportion
of cells incorporated in the inner retina was greater than those incor-
porated in the outer retina (E). ONL¼outer nuclear layer; INL¼ in-
ner nuclear layer; GCL¼ ganglion cell layer. A and C are Nomarski
images. X200.
944 D.M. Chacko et al. / Vision Research 43 (2003) 937–946
incorporated. For example, regardless of stem cell/pro-
genitor types, only those grafted cells that were incor-
porated into the outer retina expressed rhodopsin.
Similarly, markers speciﬁc for bipolar and amacrine
cells, were expressed only by those transplanted cells
that had incorporated in the inner retina. This obser-
vation suggests that the cue(s) for cell-type speciﬁc
diﬀerentiation is stratiﬁed and localized. Therefore,
incorporation of transplanted cells into a particular
layer may be necessary for their diﬀerentiation into
speciﬁc cell types. As such, cue(s) that promotes incor-
poration may indirectly help speciﬁc diﬀerentiation.
However, our analysis of grafted cells using single
markers for speciﬁc neuronal cell types oﬀers a limited
perspective on the extent of their diﬀerentiation. Nev-
ertheless, it points towards their potential to acquire
diﬀerentiated properties speciﬁc to neurons belonging to
a particular lamina. The true nature and extent of the
diﬀerentiation of transplanted cells will require extend-
ing the transplantation evaluation time (more than three
weeks), the use of multiple markers that are speciﬁc to
a cell type and analysis of morphological features by
confocal and electron microscopy. Taken together, our
study demonstrates that injury-induced cue(s) play a
signiﬁcant role in promoting the incorporation of ocular
stem cells/progenitors regardless of their origin and their
putative diﬀerentiation along a speciﬁc retinal sublin-
eage. Therefore, traumatized or diseased retina may
support cell replacement by providing a local milieu
conducive for incorporation and diﬀerentiation of exo-
genous ocular stem cells/progenitors.
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